The effect of some of the system variables in forcing and exhausting ducted fan systems on ventilation in an empty heading was investigated using computational fluid dynamics(CFD) and comparative analyses. The diameter of the duct, duct mouth to face distance, and the power of the fan (quantity delivered by the fan) were varied and their effect on ventilation determined through a comparative analysis of the flow rates calculated close to the face of the heading. Estimation models were developed, which can be used to calculate the flow rate close to the face of the empty heading for different settings of the system variables studied.
The ventilation of underground mines, irrespective of the type of mine and mining method, is divided into two broad branches, the primary ventilation and secondary or auxiliary ventilation. The primary ventilation is responsible for the total volumetric flow through the mine and the auxiliary ventilation is responsible for the ventilation of the development ends, production areas, and facilities disconnected from the main circuit with no through-ventilation connections. Auxiliary ventilation is the more difficult to achieve (Bise, 1996) , and the disruption of this ventilation system is considered to be one of the primary factors contributing to methane and coal dust explosions (Creedy, 1996) . A number of causalities have been recorded by many authors due to these explosions (Phillips and Brandt, 1995; Dubinski et al., 2011; Phillips, 2015) . The ventilation of short headings, less than 10 m in depth, can be carried out without the use of any auxiliary equipment (Feroze and Phillips, 2015) . However, for headings deeper than 10 m, auxiliary ventilation systems are required. These are generally classified into the three basic types, namely line brattice (LB) ventilation systems, ducted fan systems, and jet fans (Figures 1 through Figure 3 respectively).
Ducted fan systems are also classified into three types, namely forcing, exhaust, and overlap. The decision to select a particular type of ducted fan system depends on the nature of the hazard (Pawinski and Roszkowski, 1985; McPherson, 1993) . A ducted fan is generally installed on the intake side in the forcing configuration and on the return side in the exhaust configuration (Reed and Taylor, 2007) .
The forcing system of duct and fan consists of a line of ducting, to which a fan is connected to force air into the heading. It is usually used in mines with high methane hazards, and can effectively remove the methane hazard through dilution (Taylor et al., 1997) . Szlazak et al. (2003) have shown that the methane concentration measured in headings is lower with the forcing system than with exhaust systems under the same ventilation and methane emission conditions. The high velocity of air helps in mixing the methane with air, which prevents it from settling on the roof and provides cooler air at the face (McPherson, 1993) . Studies by Schultz (1993) and Kissell (2003) indicated that the proportion of fresh air reaching the face is 39.9% for the forcing system and 10% for the exhaust system. Torano et al. (2009) found these proportions to be 35% and 12%, respectively. The forcing system results in a positive gauge pressure, thus a cheaper and flexible duct can be used (AMC Consultants, 2005) . In South African coal mines, forcing ducted fans generally are used.
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The exhaust system of duct and fan consists of a duct line to which a fan is connected to exhaust air into the heading. It is primarily used in mines with higher dust hazards since a forcing system with high velocity spreads the dust. Rigid ducting is required because of the negative pressure involved, adding to the cost (AMC Consultants, 2005) . This system is not suitable for long headings since the resistance of the duct becomes large, warranting the use of multiple fans in series (McPherson, 1993) . The possibility of methane build-up is a general concern with this system. In Polish coal mines in 2002, the contributions of the forcing, exhaust, and overlap auxiliary ventilation system were 16%, 43%, and 41% respectively (Szlazak, 2003 ).
An overlap ventilation system is a combination of a primary and a secondary duct. The overlap of a primary forcing duct and a secondary exhaust overlap duct, as shown in Figure 4 , is called the forcing overlap. The overlap of a primary exhaust duct and a secondary forcing overlap duct, as shown in Figure 5 , is called the exhaust overlap system. An overlap system is in the forcing overlap configuration during cutting operations, whereas an exhaust overlap configuration is used when thermal, methane, and dust hazards are encountered simultaneously (Szlazak, 2003) .
The ducted fan system is well-studied, but not much information is available in the literature to demonstrate the effect of the system variables associated with these methods on ventilation of an empty heading. The system variables, such as the diameter of the duct, the length of the duct, distance of the duct mouth to face, the power of the fan (quantity delivered by the fan), the orientation of the duct (distance from the sidewall and the roof), the airflows in the LTR etc. affect ventilation, but the magnitudes of these effects need to be established. This study demonstrates the use of computational fluid dynamics (CFD) and comparative analyses to estimate the effect of some system variables associated with forcing and exhaust ducted fan systems on the ventilation of an empty heading. The presence of dust and methane was not considered. The understanding of these effects is important and will help ventilation engineers in the selection of an optimum ducted fan system for sufficient ventilation.
The diameter of the duct, duct mouth to face distance, and fan design flow rate were varied for both the forcing and exhaust duct systems. The range of values chosen for these variables, and the values for those that were kept constant, were based on the most common settings in practice. The details of these variables and their values are given in Table I and shown in Figure 6 for both the forcing and exhaust ducted fan systems. All possible combinations of these variables were used to develop scenarios for each fan system. The ducted systems considered were assumed to be leakagefree.
The numerical modelling, comprising the creation of the geometry, meshing of the geometry, solving the complex set of mathematical equations iteratively, and analysis of the results, was carried out using the commercially available ANSYS Fluent numerical code. The K-realizable model was used for this study. This model was used after validating the results, using experimental studies described later. The experimental results showed that the model is suitable for studying ducted fan systems using CFD. The details of the turbulence model are available in the software manual (ANSYS Fluent Theory Guide, 2015) .
The three-dimensional models were generated in the ANSYS design modeller software for all the cases. The length of the LTR modelled on both the upstream and downstream side of the heading was kept at 10 m for all the cases. As far as possible, a structured hexahedral mesh with a size of 0.04 m was created using the ANSYS Mesher. The mesh size was selected after performing mesh-independence tests. Inflation layers, where required, were used at the boundaries of the geometries to allow smooth transition from the laminar flow near the wall to turbulent flow away from the walls.
® At the inlet of the LTR, 'Velocity inlet' boundary condition was used with an air velocity of 2 m/s ® At the outlet of the LTR, 'Outflow' boundary condition was used ® 'Fluid fan' boundary condition was used for both the fans ® At all the walls an enhanced wall function was used in all the simulations.
The variation of the fan design flow rates (maintained at the exit of the duct), diameter, and length of the duct changed the volumetric flow rates inside the heading at similar locations. The air flow rates (into the heading) close to the face of the heading were calculated for each case and are tabulated in Table II . These flow rates were calculated using the positive axial velocities going into the planes constructed parallel to the face of the heading at distances of 0.5 m, 0.4 m, and 0.3 m from the face. The percentage of fresh air at these distances was also calculated, using the quantity of air delivered by the fan and the quantity of air actually present at these distances (assuming the quantity of air delivered by the fan is reaching the face of the heading). This enabled the calculation of the maximum percentage of fresh air reaching the face and thus the minimum recirculation (100 -% of fresh air) near the face of the heading for each case. The total flow rates and the amount of fresh air close to the face of the heading, using a forcing ducted fan system, varied as follows.
® Volumetric flow rate close to the face of the heading:
-When the diameter of the duct and the duct exit flow rate were kept constant, the flow rate close to the face of the heading increased with decreasing duct mouth to face distance -When the diameter of the duct and duct mouth to face distance were kept constant, the flow rate close to the face of the heading increased with increasing air flow exiting from the duct -When the duct mouth to face distance and the duct exit flow rate were kept constant, the flow rate close to the face of the heading increased with decreasing duct diameter, as expected.
Analysis of the effect of ducted fan system variables on ventilation VOLUME 117 Analysis of the effect of ducted fan system variables on ventilation ® Volumetric flow rate of fresh air close to the face of the heading: -When the diameter of the duct and the duct exit flow rate were kept constant, the percentage of fresh air close to the face of the heading decreased with decreasing distance of the duct mouth to the face -When the diameter of the duct and the distance of the duct mouth to face were kept constant, the percentage of fresh air (in the total air reaching the face) close to the face of the heading remained constant with increasing air flow exiting from the duct -When the distance of the duct mouth to the face and the duct exit flow rate were kept constant, the percentage of fresh air close to the face of the heading increased with increasing duct diameter, as expected.
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In order to find a relationship to estimate the flow rates reaching the face (0.5 m from face) of the heading using a ducted forcing fan system, the flow rates close to the face of the heading for all the cases were plotted against the summation of the system factors as given in Table III and shown in Figure 7 . These factors were calculated to cater for the effects of change in diameter, change in the duct mouth to face distance, and the change in flow rate exiting the duct (fan design flow rate). A linear relation (Equation [1] ) was found between the summation of these factors and the corresponding flow rates close to the face of the heading. The factors for each system variable were calculated using comparative analyses as given below:
Flow rate = y = 6.911 × Summation of system [1] factors -15.983
® Flow rate factor (FRF)-All the cases in this study were simulated with two flow rates at the exit of the duct (fan design flow rates): 2.97 m 3 /s and 3.971 m 3 /s. The difference between these two flow rates is 25%. A comparison of flow rates at the face of the heading for each set of cases run with these flow rates and similar remaining settings is given in forcing fan resulted in an approximately proportional increase in the flow rate close to the face of the heading. Therefore, a flow rate factor of unity was assumed for cases using a flow rate of 2.971 m 3 /s at the exit of the duct, and hence a flow rate factor of 1.25 (an increase of 25% compared to 2.971 m 3 /s) was used for the cases using 3.7125 m 3 /s of fan design flow rate. ® Diameter factor (DF)-To find this factor, cases with different duct diameters and similar remaining settings were grouped together. As expected, the change in diameter changed the flow rates close to the face of the heading for each set. The percentage change in the flow rate close to the face of the heading with a reduction in diameter from 0.76 m to 0.57 m varied with the duct mouth to face distance as given in Table V ® Face factor (factor for distance of the duct mouth from face) (FF)-To find this factor, cases with different duct mouth to face distances and similar remaining settings were grouped together. It was found that a change in this distance changed the flow rate close to the face of the heading for each set. The percentage change in flow rate close to the face of the heading with a reduction in duct mouth to face distance from 10 m to 8 m varied with the duct diameter as given in Table VI .
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When the duct diameter was 0.57 m the flow rate increased by approximately 15% with a reduction in the duct mouth to face distance from 10 m to 8 m. For a duct diameter of 0.76 m, this increase was approximately 26%. A face factor of unity was assumed for a 10 m duct mouth to face distance for all the duct diameters. Therefore, the face factor for a duct mouth to face distance of 8 m and 0.76 m duct diameter became 1.26 (26% increase in flow rate compared to 10 m distance) and for 0.57 m duct diameter, 1.15. The factors for the intermediate diameters and duct exit distances from the face of the heading can be interpolated using Equation [2] . For example, for a 0.6 m diameter duct and 9 m distance of the duct mouth from the face, this factor can be calculated as follows: Factor at 10 m = 1 (as per rule) Factor at 8 m = 1.15 + [(1.26-1.15) × ((0.6-0.57) / (0.76-0.57))] = 1.1673 Factor at 9 m = 1.1673 + [(1-1.1673) × ((9 -8) / (10-8))] = 1.08365 ® Error -mathematical model-The maximum error of the mathematical model used to estimate the flow rates for all the cases simulated in this study was found to be less than 7%, as shown in Table VII .
Similar to the forcing ducted fan system, the variation of fan design flow rates, diameter and length of the duct changed the volume flow rates calculated inside the heading at similar locations. The air flows delivered by the exhaust ducted system close to the face of the heading have been calculated for each case is tabulated in Table VIII . These flow rates were calculated using the positive axial velocities going into the planes, which are constructed parallel to the face of the heading at distances of 0.5 m, 0.4 m, and 0.3 m. The flow rates decreased closer to the face.
® Volumetric flow rates close to the face of the heading:
The flow rates close to the face of the heading (0.5 m from the face), ventilated using a forcing ducted fan system, varied as follows.
-When the diameter of the duct and the duct design flow (fan design flow rate) rate were kept constant, the flow rate close to the face of the heading increased with decreasing distance of the duct mouth to face -When the diameter of duct and the distance of the duct mouth to face were kept constant, the flow rate close to the face of the heading increased with increasing duct design flow rate -When the distance of the duct mouth to face and the duct design flow rate were kept constant, the flow rate close to the face of the heading increased with increasing duct diameter.
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In order to find a relationship to estimate the flow rates reaching the face (0.5 m from face) of the heading, using an exhaust ducted fan system, the flow rates close to the face of the heading for all the cases were plotted against the summation of the system factors as given in Table IX and shown in Figure 8 . These factors were calculated to cater for the effects of change in diameter, change in the distance of the duct mouth to face (face factors), and the change in fan design flow rate. A best fit linear relation was found between the two quantities and is given in Equation [3] . The factors were calculated using comparative analysis as discussed below:
Flow rate = 0.3943 × Summation of system [3] factors + 2.0754
® Flow rate factor-All the cases in this study were simulated with two fan design flow rates: 2.97 m 3 /s and 3.971 m 3 /s. The difference between these two flow rates is 25%. A comparison of flow rates at the face of the heading for each set of cases run with these flow rates and the same remaining settings is given in Table X . It was found that a 25% increase in the fan design flow rate increased the flow rate at the face of the heading by approximately 10% for all duct diameters and all duct mouth to face distances. A flow rate factor equal to unity was assumed for the 2.971 m 3 /s duct design flow rate. The flow rate factor for a fan design flow rate of 3.7125 m 3 /s is therefore 1.10 (10% greater than for 2.971 m 3 /s). The factors for other duct design flow rates can be interpolated using the methods discussed for the forcing duct fan system. ® Diameter factor-To find this factor, cases with different duct diameters and similar remaining settings were grouped together. It was found that a change in diameter changed the flow rates close to the face of the heading for each set. The percentage change in the flow rate close to the face of the heading with a reduction in diameter from 0.76 m to 0.57 m varied with the duct mouth to face distance as given in Table XI . When this distance was 2 m the flow rate decreased by approximately 17% with a reduction in diameter from 0.76 m to 0.57 m. For a distance of 4 m the decrease was approximately 14%. A diameter factor of unity was assumed for 0.76 m duct diameter for all duct mouth to face distances. Therefore, the diameter factors became 0.83 for the 0.57 m diameter duct with 2 m distance, and 0.86 for 4 m distance. The factors for the intermediate diameters and duct mouth to face distances can be interpolated using the methods discussed for the forcing ducted fan system. ® Face factor (FF) (for distance of the duct mouth to face of the heading). To find this factor, a set of cases with different duct mouth to face distances and similar remaining settings were analysed. It was found that the change in duct mouth to face distance changed the flow rate close to the face of the heading. With an increase in duct mouth to face distance from 2 m to 4 m, the percentage change in flow rate close to the face of the heading varied with the duct diameter as given in Table XII . When the duct diameter was 0.57 m the flow rate decreased by approximately 2%, and for the duct diameter of 0.76 m the decrease was approximately 5%. A factor equal to unity was assumed for the 2 m duct mouth to face distance for all duct diameters. Therefore the face factor for a 4 m duct mouth to face distance with 0.76 m duct diameter became 0.95 (a 5% reduction in flow rate compared to 2 m distance) and for 0.57 m diameter duct it became 0.98. ® Error of the mathematical model-The maximum error of the mathematical model for the exhaust ducted fan system, used to estimate the flow rates for the simulated cases of this study, was found to be less than 1% as shown in Table XIII . As expected, the flow rates close to the face of the heading with both the 0.57 m and 0.76 m diameter ducts were much lower for the exhaust duct system than for the forcing duct system. The air velocities, as seen from the velocity vectors, were also low. The flow rate increased with increasing diameter of the duct, increasing fan/duct design flow rate, and reduction in the duct mouth to face distance. Therefore, when using an exhaust duct ventilation system, the duct mouth to face distance should not be more than 4 m, and the largest possible/permissible diameter should be used to maximize the flow rate close to the face of the heading.
It was seen from the results that in the studied configurations, forcing ducted fan system produced much higher flow rates close to the face of the empty heading than the exhaust duct fan system. The recirculation was also found to L 164 VOLUME 117 Table X 6.6-3-20-0.57-2m-2.97
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A number of numerical models are available in CFD software.
The choice of a model depends on a number of factors, the most important of which is the reliability of the results. To demonstrate the reliability and accuracy of a numerical model, validation of the model is required. A numerical model is generally validated using one of three approaches: comparison of simulated results with laboratory results, using experimental results from the literature, and comparison of simulated results with experimental results. A numerical model validated using one of these techniques is considered suitable for studies involving a large number of situations in similar environments without further experiments in the actual environment. The numerical model used for the present study was validated using an experimental study undertaken in the School of Mining Engineering at the University of the Witwatersrand. The School has constructed a 66.2 m long mock tunnel equipped with a ducted fan ventilation system, as shown in Figure 9 . The duct length is 55.2 m and the diameter of the duct is 0.5 m. The duct delivers an air flow of 1.98 m 3 /s with an average air velocity of approximately 10.08 m/s at the exit of the duct. The duct mouth to tunnel face distance is 11 m as shown in Figure 10 .
The tunnel and duct models are shown in Figure 11 . The tunnel is dome-shaped at the entrance, but becomes rectangular near the face. The width and height of the tunnel Analysis of the effect of ducted fan system variables on ventilation VOLUME 117 165 L Analysis of the effect of ducted fan system variables on ventilation at the face are 2.6 m and 2.4 m respectively. The distances of the duct from the top and left wall of the tunnel are 0.07 m and 0.57 m respectively, as shown in Figure 12 .
The air velocities were determined at several points on a vertical plane at a distance of 0.5 m from the face of the tunnel, using both physical experiments and numerical solutions. A comparison of the results showed good correlation, and gave confidence to use the same numerical model for further simulations required for the research.
The flow rate at the exit of the duct is equivalent to 1.98 m 3 /s. This was confirmed using both an anemometer and a digital pressure meter (GMH 3110). The face of the heading was divided into five regions as shown in Figure 12 . The air velocity at the centre of each region was measured using both a hot wire and a rotating vane anemometer (Airflow TA440, LCA 6000) and the direction of the air flow was confirmed using a smoke tube. The velocities of the air towards (positive sign) or away from (negative sign) the five measurement points were measured, and the results are given in Table XIV with the numerical results.
The three-dimensional model (Figure 11 ) was generated in the ANSYS design modeller. A fine mesh of size 0.04 m was created on all the boundaries (walls) of the domain using the ANSYS Fluent Mesher. 'Velocity inlet' and 'Outflow' boundary conditions were used for the fan and the outlet of the tunnel, respectively. 'Wall boundary' condition was used at all the walls of the domain. The properties of air at 24°C (as calculated in the tunnel) were used for the calculation of the numerical solution. The two-equation k-e realizable turbulent model was used for this study. The iterative process used for calculating the results was set to run until five orders of residual reduction was achieved (convergence criteria of 10 -5 ) with second-order accuracy.
The air velocity vectors and contours on a vertical plane constructed at a distance of 0.5 m from the face of the tunnel are shown Figure 13 . Air can be seen moving from left to right, sweeping the face of the tunnel and returning. The velocity of the air at each location can be seen on the contours. The air velocities measured at the selected points are given in Table XIV A comparison of the numerical results with the experimental results is given in Figure 14 . It can be seen that the numerical results are in line with the experimental results. The validation study showed that the ANSYS Fluent k-e realizable model is suitable for studying the ventilation of empty headings using ducted fan systems.
To understand the effect of the system variables associated with ducted fan systems on the ventilation of an empty heading, mathematical models were developed using CFD, and comparative analysis. The results showed that recirculation for a forcing ducted fan system can be reduced by increasing the duct diameter and by using a duct mouth to face distance of not less than 10 m. Increasing the duct diameter, from 0.57 m to 0.76 m the and duct mouth to face distance from 8 m to 10 m reduced recirculation by approximately 20%. The flow rate delivered by an exhausting ducted fan system can be increased by reducing the duct mouth to face distance (for a very small difference of 2-5% per 2 m reduction in distance), increasing the fan design flow rate (10% increase per 25% increase in design flow rate), or increasing the duct diameter (14-17% increase in flow rate with an increase in diameter from 0.76 m to 0.57 m).
The outcomes of the study will help ventilation engineers to select the optimum duct fan system required for sufficient ventilation.
